Five fibroblast growth factor 2 (FGF-2) isoforms are synthesized from human FGF-2 mRNA by a process of alternative initiation of translation. The regulation of FGF-2 isoform expression by the mRNA 5823-nucleotidelong 3-untranslated region containing eight alternative polyadenylation sites was examined. Because previous studies had shown that FGF-2 expression was regulated in primary cells but not in transformed cells, primary human skin fibroblasts were used in this study. Using an approach of cell transfection with synthetic reporter mRNAs, a novel translational enhancer (3-TE) was identified in the 1370-nucleotide mRNA segment located upstream from the eighth poly(A) site. Deletion mutagenesis showed that the 3-TE was composed of two domains with additive effects. The 3-TE exhibited the unique feature of modulating the use of FGF-2 alternative initiation codons, which favored the relative expression of CUG-initiated isoforms. Interestingly, the use of an alternative polydenylation site removing the 3-TE was detected in skin fibroblasts in response to heat shock and cell density variations. At high cell densities, 3-TE removal was correlated with a loss of CUG-initiated FGF-2 expression. These data show that the FGF-2 mRNA 3-untranslated region is able to modulate FGF-2 isoform expression by the coupled processes of translation activation and alternative polyadenylation.
Five fibroblast growth factor 2 (FGF-2) isoforms are synthesized from human FGF-2 mRNA by a process of alternative initiation of translation. The regulation of FGF-2 isoform expression by the mRNA 5823-nucleotidelong 3-untranslated region containing eight alternative polyadenylation sites was examined. Because previous studies had shown that FGF-2 expression was regulated in primary cells but not in transformed cells, primary human skin fibroblasts were used in this study. Using an approach of cell transfection with synthetic reporter mRNAs, a novel translational enhancer (3-TE) was identified in the 1370-nucleotide mRNA segment located upstream from the eighth poly(A) site. Deletion mutagenesis showed that the 3-TE was composed of two domains with additive effects. The 3-TE exhibited the unique feature of modulating the use of FGF-2 alternative initiation codons, which favored the relative expression of CUG-initiated isoforms. Interestingly, the use of an alternative polydenylation site removing the 3-TE was detected in skin fibroblasts in response to heat shock and cell density variations. At high cell densities, 3-TE removal was correlated with a loss of CUG-initiated FGF-2 expression. These data show that the FGF-2 mRNA 3-untranslated region is able to modulate FGF-2 isoform expression by the coupled processes of translation activation and alternative polyadenylation.
Fibroblast growth factor 2 (FGF-2),
1 also known as the basic fibroblast growth factor, exists as five isoforms with distinct intracellular localizations and functions. The 18-kDa FGF-2 is mostly cytosolic, whereas the four high molecular mass isoforms of 22, 22.5, 24 , and 34 kDa are nuclear (1) (2) (3) . The 18-kDa isoform, which is secreted despite the absence of a signal sequence, is responsible for paracrine and autocrine effects mediated by FGF-2 receptors (4). The nuclear isoforms are responsible for an intracrine receptor-independent effect of FGF-2 (5, 6) . Furthermore the constitutive expression of the various isoforms modifies the cell phenotype in different ways (3, 7, 8) .
Like the other members of the nineteen FGF family (9 -14) , FGF-2 acts on cell proliferation and differentiation and exhibits an oncogenic potential (3, 7, 8) . FGF-2 is an actor of embryogenesis and morphogenesis but is also described as a major angiogenic factor involved in wound healing, cardiovascular disease, and tumor neovascularization (15) .
The five FGF-2 isoforms only differ by their N-terminal region, as their synthesis results from a process of alternative initiation of translation at five in-frame codons. A canonical AUG codon gives rise to the smallest 18-kDa isoform, whereas three upstream CUG start codons (CUG1, CUG2, and CUG3) give rise to FGF-2 isoforms of 22, 22.5, and 24 kDa (16, 17) . A fourth CUG codon (CUG0) located close to the mRNA 5Ј end has very recently been shown to initiate the synthesis of a bigger isoform of 34 kDa (3). The use of these different start codons is controlled by cis-acting elements present in the mRNA leader sequence (18) . One of these elements, identified as an internal ribosome entry site, enables the FGF-2 mRNA to be translated independently of the classical cap-dependent scanning mechanism (19, 20) . However the internal ribosome entry site allows expression of the 18 -24-kDa isoforms, whereas that of the 34-kDa isoform is exclusively cap-dependent (3). Regulation of the alternative initiation of translation of FGF-2 mRNA is tightly related to cell physiology: the isoforms initiated at CUG1, CUG2, and CUG3 are constitutively expressed in transformed cells, whereas their expression in normal cells is inducible by stress and low cell density (21, 22) . Thus, in nontransformed cells, this translational mechanism allows FGF-2 expression to be regulated very quickly in response to exogenous stimuli.
Several species of FGF-2 mRNA from 1 to 7 kilobases in size and resulting from alternative polyadenylations are expressed (23, 24) . 90% of the longest mRNA (6775 nt) is composed of untranslated regions (UTRs) or alternatively translated regions with a GC-rich leader of 484 nucleotides (upstream from the AUG codon) and a huge AU-rich 3Ј-UTR of 5823 nucleotides (3, 17) .
Numerous reports have demonstrated the involvement of the eukaryotic mRNA 3Ј-UTR in post-transcriptional regulations. Such regulations can occur at the level of mRNA subcellular localization, stability, or translation initiation (25) . In particu-lar, translation regulation by cis-acting signals in the mRNA 3Ј-UTR plays an essential role during the development of a wide variety of organisms (26) . Several somatic cell messengers are translationally regulated by cis-acting elements present in their 3Ј-UTR, which are mostly translational repressors. However, a translation activatory effect of 3Ј-UTRs has been described for a small number of mRNAs, mostly of viral origin but including two human messengers, the amyloid precursor protein and the lipoprotein lipase (27, 28) .
The unusual length of the FGF-2 mRNA 3Ј-UTR, together with its eight alternative length-modifying polyadenylation sites, prompted us to determine its regulatory role in FGF-2 isoform expression. Because previous studies had shown that FGF-2 expression was regulated in primary cells but not in , and 5823 nt, respectively. Two series of constructs were made with or without the FGF-2 mRNA 5Ј region (5Ј-CAT and CAT series, respectively). The fusion of FGF-2 leader sequence with CAT sequence gives rise to CAT fusion proteins initiated at the different FGF-2 start codons. C and D correspond to transfection of skin fibroblasts with CAT chimeric mRNAs (without FGF-2 5Ј-UTR) and 5Ј-CAT chimeric mRNAs (with FGF-2 5Ј leader), respectively, as described under "Experimental Procedures." CAT activity of the skin fibroblast extracts was measured 14 h after transfection (see "Experimental Procedures.") and is shown by histograms. For mRNA half-life measurements, seven dishes were transfected in parallel allowing harvesting of the cells at different times after RNA removal. Total RNAs were prepared from the transfected cells and analyzed by Northern blotting with a 32 P-labeled probe corresponding to the CAT coding sequence. The mRNA half-life quantification, presented as values on the right of each CAT activity histogram, was obtained using a PhosphorImager (Molecular Dynamics).
FIG. 2. Characterization of the FGF-2 3-TE.
A, chimeric CAT mRNAs with different deletions or fragments of the FGF-2 3Ј-UTR were used to transfect human skin fibroblasts as in Fig. 1 . CAT-A8⌬TE1 and ⌬TE2 mRNAs were derived from CAT-A8 by removal of nt 5403-6082 (TE1) and nt 6082-6775 (TE2) counting from FGF-2 mRNA 5Ј, respectively. CAT-TE, -TE1, and -TE2 mRNAs bear the 1370-nt fragment located between A4 and A8 (nt 5403-6775), the TE1 or the TE2 fragments, respectively, downstream from the CAT sequence. CAT-TEC mRNA bears nt 5599 -6260 of FGF-2 mRNA, whereas mRNA CAT-TE⌬C bears the TE element with a central deletion of nt 5901-6356. The presence or absence of the FGF-2 5Ј-UTR is indicated on the top of the panels. B and C correspond to transfection of human skin fibroblasts by the CAT mRNA series (without FGF-2 5Ј-UTR) and the 5Ј-CAT mRNA series (with FGF-2 5Ј leader called here UTR), respectively, as in Fig. 1 . transformed cells, we used primary human skin fibroblasts to carry out this study. We identify here a unique translational enhancer (3Ј-TE) just upstream from the eighth poly(A) site. This translational enhancer, composed of two distinct domains, was able to modulate the alternative initiation of translation. Interestingly, the use of an alternative poly(A) site removing the 3Ј-TE was generated by heat shock and cell density increase in human skin fibroblasts.
EXPERIMENTAL PROCEDURES
Plasmid Construction-The pCAT and p5Ј CAT series of plasmids (see Fig. 1 ) have been described previously (3, 29) . PCAT-A8⌬TE2 was obtained by subcloning the SwaI-BspEI fragment of pCAT-A8 into pCAT-A0 digested by BstEI plus SmaI (see Fig. 2 ). For pCAT-A8⌬TE1, the NsiI-Klenow-AvrII fragment of pCAT-A8 was subcloned into pCAT-A8 digested by AvrII plus SwaI. The NsiI-Klenow-BspEI fragment of pCAT-A8 was introduced into pCAT-A0 digested by BspEI plus SmaI to obtain pCAT-TE. PCAT-TE1 was obtained by introducing the NsiI-SwaI-Klenow fragment of pCAT-A8 into a SmaI-digested pCAT-A0. PCAT-TE2 was obtained by subcloning the SwaI-BspEI fragment of pCAT-A8 into pCAT-A0 digested by BspEI plus SmaI. The Ecl136II-HindII fragment of pCAT-TE was inserted into SmaI-digested pCAT-A0 to obtain pCAT-TEc. Plasmid pCAT-TE was treated by SphIHindII-Klenow and religated to obtain pCAT-TE⌬c. PKS-TE and -TE1 plasmids (see Fig. 4 ) were obtained by subcloning fragments NsiI-XbaI and NsiI-SwaI from plasmid pSCT-DOG into pKS digested by PstI plus XbaI or PstI plus Ecl136II, respectively.
In Vitro Transcription and Cell Transfection by RNA-In vitro transcription, cell transfection, CAT activity determinations, and Western immunoblotting were performed as reported previously (transfection of 5 cm in diameter dishes with 1 g of RNA/dish; Refs. 3 and 29). Luciferase activity was measured using the Promega luciferase assay system.
Purification of Cellular RNA-Total cellular RNA was extracted using RNAble (Eurobio), as described previously (29) . Poly(A)
ϩ RNA was prepared with the Dynabeads® mRNA direct kit (Dynal France). Cell monolayers were lysed with the binding buffer and incubated with Dynabeads oligo(dT) 25 for 5 min. The mRNAs were isolated by magnetic separation, then washed, and treated with the Dynal magnetic concentrator.
Northern Blotting-Northern blotting was performed using the NorthernMax TM kit provided by Ambion. DNA probes were labeled with [ 32 P]dCTP using a random priming Multiprime kit (Amersham Pharmacia Biotech). Poly(A) ϩ cellular RNA (5 g/lane) was subjected to electrophoresis through 1.2% formaldehyde/agarose gels, electrotransferred to HybondN nylon membrane (Amersham Pharmacia Biotech), and hybridized in the conditions described by the manufacturer.
RESULTS

A Translational Enhancer Is Present in the Distal 1370 nt of the FGF-2 mRNA 3Ј-UTR-
The potential role of the FGF-2 mRNA 3Ј-UTR in translation regulation was studied by introducing five of the different FGF-2 mRNA 3Ј-UTRs (measuring 83, 2390, 3073, 4446, and 5823 nt, respectively) downstream from the CAT reporter gene (Fig. 1, A and B) . The CAT sequence followed by the various 3Ј-UTRs was also fused downstream from the FGF-2 mRNA leader sequence to evaluate the possibility of interactions between the 5Ј and the 3Ј regions of FGF-2 mRNA. These constructs were made in a Bluescript KS derived vector with a 70-nt-long poly(A), downstream from the T3 promoter. Capped and polyadenylated CAT mRNAs were transcribed in vitro and used for cell transfection. In this way we were able to avoid interference from the alternative polyadenylation process and analyze the expression of one mRNA species at a time.
Human skin fibroblast cells were transfected with the CAT mRNAs bearing the different FGF-2 3Ј-UTRs, with or without the FGF-2 mRNA 5Ј-region. CAT mRNA expression was first analyzed by CAT activity measurement (Fig. 1, C and D) ; CAT-A1 mRNA with the shortest 3Ј-UTR was efficiently expressed, in comparison to the CAT-A0 control, whereas CAT-A2, -A3, and -A4 mRNA expressions were very inefficient (Fig.  1C) . The same profiles were obtained in the presence of the FGF-2 mRNA leader (Fig. 1D) . The measurement of mRNA half-life indicated that these different CAT activities resulted from the presence of a destabilizing element located between the first and second poly(A) sites, as already shown in a recent report (Fig. 1, C and D, on the right; Ref. 29) .
However, the expression of CAT-A8 mRNA was two times greater than that of CAT-A4 despite the slightly shorter halflife time (Fig. 1C) . In the presence of the FGF-2 mRNA 5Ј leader, this phenomenon was even more significant, 5Ј CAT-A8 expression being about 5-fold higher than that of 5Ј CAT-A4 (Fig. 1D ). These observations suggested that a translation activatory element, active in human skin fibroblasts and more efficient in the presence of the FGF-2 mRNA 5Ј leader, was present in the 1370-nt fragment located between the fourth and the eighth poly(A) sites of FGF-2 mRNA (called 3Ј-TE hereafter and corresponding to nt 5403-6775 of the FGF-2 cDNA).
FIG. 3.
Half-life measurement of the different chimeric mRNAs. The chimeric mRNAs described in Fig. 2 were transfected to perform mRNA half-life measurements, as in Fig. 1 . Total RNAs were prepared from the transfected cells and analyzed by Northern blotting with a 32 P-labeled probe corresponding to the CAT coding sequence. A and B correspond to transfections with CAT (without FGF-2 5Ј-UTR) and 5Ј-CAT (with FGF-2 5Ј-UTR) mRNA series, respectively. The autoradiography (the period before harvesting is indicated for each point) and the half-life quantification (histograms and values) are given to the right of the name of each chimeric mRNA for each transfected cell type. These were obtained using a PhosphorImager (Molecular Dynamics). (TE1 and TE2 ) with a Cumulative Effect-Two series of constructs were produced and used for RNA transfection in human skin fibroblasts to map this element ( Fig. 2A) . First the 5Ј and the 3Ј halves of the 1370-nt fragment (called TE1 and TE2 and corresponding to nt 5403-6082 and to nt 6082-6775, respectively) were deleted. The 2-fold increase observed with CAT-A8 compared with CAT-A4 was lost upon deletion of either TE1 or TE2 (Fig. 2B , CAT-A8-⌬TE2 and -⌬TE1). In the presence of the FGF-2 mRNA leader, deletion of the TE1 or TE2 element resulted in loss of about 50% of the 5-fold enhancing effect (Fig.  2C) .
The FGF-2 3Ј-TE Is Composed of Two Independent Elements
The 1370-nt-long TE fragment or one of its subfragments, TE1 or TE2, was therefore added just downstream from the CAT sequence. The results showed that the TE fragment was able to promote a 9-fold activation of CAT translation, whereas this enhancing effect increased to 12-fold in the presence of the FGF-2 mRNA 5Ј (Fig. 2, B and C, CAT-TE) . The TE1 and TE2 fragments were each responsible for about 50% of the enhancing effect, both in the absence and in the presence of the FGF-2 mRNA 5Ј leader (CAT-TE1 and -TE2). The central part of the TE element (nt 5599 -6260) did not have any enhancing effect on its own, and deletion of a TE internal fragment (between nt 5901 and 6356) did not affect TE activity (Fig. 4B , CAT-TEC and -TE⌬C).
The mRNA half-life was also measured for the different mRNAs transfected in Fig. 2 . This experiment clearly showed that addition or deletion of part or all of the 3Ј-TE element had no significant effect on mRNA stability (Fig. 3) and allowed us to affirm that the effect of the FGF-2 3Ј-TE element occurs at the translational level.
FGF-2 3Ј-TE Activity Is Specifically
Inhibited by Antisense RNAs-The alternative approach was to co-transfect the CAT mRNA with antisense RNAs (Fig. 4) . Three AS RNAs, complementary either to the complete 1370-nt TE element (Fig. 4A , AS 4) or to one of its subfragments TE1 and TE2 (AS 5 and AS 6, respectively) were synthesized in vitro. These AS RNAs were prehybridized in a 3-or 10-fold excess to CAT mRNAs bearing either the complete 3Ј-UTR or the TE, TE1 or TE2 3Ј fragment before skin fibroblast transfection. A control luciferase mRNA was also co-transfected to calibrate the transfection experiments. As shown in Fig. 4B , AS RNAs were able to block the translation activation of CAT mRNA expression in a dose-dependent manner. Furthermore the blockade was specific; none of the AS RNAs had any effect on expression of the control CAT mRNA (Fig. 4B, CAT-A0) . Expression of CAT mRNA with either the complete 3Ј-UTR or the TE element was inhibited by all three AS RNAs (CAT-A8 and CAT-TE). In contrast CAT-TE1 mRNA was down-regulated only by AS RNA4 and 5, whereas CAT-TE2 was down-regulated only by AS RNA4 and 6
FIG. 4. Targeting the FGF-2 mRNA translational enhancer with antisense RNAs.
A, schema of the CAT-A8 mRNA with the positions of the TE, TE1 and TE2 elements and those of their corresponding antisense RNAs AS4, AS5, and AS6 used below (arrows). B, AS RNAs targeting the TE, TE1, or TE2 elements (AS4, AS5 and AS6, respectively) were synthesized in vitro and used in a 3-or 10-fold excess in skin fibroblast co-transfection with CAT or 5Ј CAT-A8, -A0, -TE, -TE1, or -TE2 mRNAs. RNA-RNA hybridization was obtained by denaturing the mix of CAT mRNA with AS RNA for 2 min at 95°C in H 2 O and adding culture medium before returning slowly to 20°C. The RNA hybrids were used for skin fibroblast RNA transfection as in Fig. 1. 2 pmol of luciferase mRNA were used as internal standard in each co-transfection experiment to calibrate transfection efficiency. Cells were harvested 8 h after transfection for measurements of CAT and LUC activities. Histograms correspond to CAT/LUC activities obtained with the different transfected RNA hybrids. Left panels, CAT mRNA (Ϫ 5Ј-UTR); right panels: 5Ј CAT mRNAs (ϩ FGF-2 5Ј-UTR). C) CAT-A8, -TE, -TE1, and -TE2 mRNAs were transfected in the absence or in the presence of AS RNAs, and the cells were harvested 0 -240 min after transfection for half-life measurement. Total RNAs were purified, and Northern blots were performed as in Fig. 3 . The half-life calculation is represented by histograms. AS RNA absence or presence is indicated on the left of each histogram.
(CAT-TE1 and CAT-TE2). Similar results were obtained with CAT mRNAs bearing the FGF-2 5ЈmRNA leader (Fig. 4B, right  panels) .
The stability of the co-transfected mRNAs was measured to rule out the possibility that the AS RNAs might affect RNA stability rather than translation. Fig. 4C shows that the presence of one or other competitor had no influence on mRNA stability.
In conclusion, both deletion and antisense approaches demonstrate the presence of a translational enhancer within the distal 1370 nt of the FGF-2 mRNA 3Ј-UTR, between the fourth and eighth poly(A) sites. This TE is specifically active in human primary skin fibroblasts and seems to be composed of two separate elements (TE1 and TE2) with a cumulative effect.
The FGF-2 mRNA Translational Enhancer Modulates Alternative Initiation of Translation-The FGF-2 3Ј-TE was especially active in the presence of the FGF-2 mRNA leader (Fig. 1) . Because this leader contains five alternative start codons (3, 17) , we looked for selective activation of one or more initiation codons by the 3Ј-TE, which would result in a modulation of the protein isoforms ratio.
Human skin fibroblasts were transfected by 5Ј CAT mRNAs either devoid of 3Ј-UTR or containing the 3Ј-TE element (see Fig. 6 , 5Ј CAT-A0 and 5Ј CAT-TE, respectively). To evaluate the ratio of the FGF-CAT isoforms rather than the global activation, equivalent amounts of global CAT activity (measured in cpm) from each transfection assay were analyzed by Western immunoblotting with anti-CAT antibodies (Fig. 5) . The results showed that the TE element favored the expression of the CUG-initiated isoforms. Thus the TE element, in addition to its enhancing effect on global translation, was able to modulate the balance of the different FGF-2 isoforms.
A Switch of Alternative Poly(A) Site Use Occurs in Skin
Fibroblasts upon Heat Shock-We have shown in previous reports that expression of the FGF-2 CUG-initiated forms, although constitutive in transformed cells, was modulated in human skin fibroblasts in response to stress and to cell density (21, 22) . The effect of the FGF-2 3Ј-TE on alternative initiation of translation observed in Fig. 5 prompted us to look for a putative change in the FGF-2 mRNA 3Ј-UTR length in response to heat shock.
We therefore analyzed the length of the endogenous FGF-2 mRNA 3Ј-UTR in skin fibroblasts in response to heat shock treatment (Fig. 6) . This was performed by reverse transcription-polymerase chain reaction or Northern blots using poly(A) ϩ mRNAs in the latter case (Fig. 6, B and C) . Whereas both approaches clearly showed a decrease in the A8-cleaved mRNA as a function of heat shock duration, Northern blot FIG. 5. Analysis of FGF-2 3-TE influence on FGF-CAT isoform expression. 5Ј CAT-A0 and 5Ј CAT-TE mRNAs were used for skin fibroblast transfection as in Fig. 3 . In addition to CAT activity measurement, cell extracts were analyzed by Western immunoblotting using anti-CAT antibody (see "Experimental Procedures."). The same CAT activity equivalent of each sample was run on the 12.5% polyacrylamide gel to evaluate variations in the isoform ratio rather than the global activation already shown in Fig. 3 . The percentage of CUG-and AUGinitiated forms in relation to the total FGF-CAT expression is shown by histograms under each lane. The migration of the different isoforms (CUG1, CUG2/3, and AUG) is indicated. The CUG0-initiated isoform was not detectable in these experiments. This experiment was repeated at least five times, and the picture corresponds to a representative experiment.
FIG. 6.
Analysis of FGF-2 mRNA polyadenylation after heat shock in human skin fibroblasts. A, schema of the FGF-2 mRNA with its 5Ј-and 3Ј-untranslated regions. The oligonucleotides used for polymerase chain reaction (PCR) and the probe used for Northern blot are shown below. B, reverse transcription-polymerase chain reaction (RT PCR) was performed using 1 g of total skin fibroblast RNAs treated for increasing times of heat shock (45°C). The primers, allowing quantitation of the A8 mRNA, are shown in A. Polymerase chain reaction was performed for a variable number of cycles to obtain a semiquantitative analysis. The length of heat shock treatment (in min) is indicated on the top of the lanes. C, poly(A) ϩ mRNAs were prepared from skin fibroblasts treated for increasing times of heat shock (up to 60 min; lanes [1] [2] [3] [4] [5] or seeded at different cell densities (lanes 6 -8) and 5 g of each point was analyzed by Northern blotting using a 32 P-labeled DNA probe corresponding to the FGF-2 coding sequence (see "Experimental Procedures"). The positions of the 7-kb FGF-2 mRNA (A8) and of the 3.6-kb mRNA (A2) are shown by arrows.
showed that the A8 mRNA decrease was compensated by an increase in a 3.6-kb mRNA, probably corresponding to the A2-cleaved mRNA (Fig. 6C, lanes 1-5) . Thus, heat shock did not affect the total FGF-2 mRNA amount (as had been shown in a previous report (21) ) but resulted in switch of the poly(A) site use from A8 to A2.
The Use of Alternative Poly(A) Site Switches with Cell Density Variations-We also looked at the polyadenylation profile in response to cell density variations. Human skin fibroblasts were seeded at increasing densities, and the corresponding poly(A) ϩ mRNAs were analyzed by Northern blot. As shown in Fig. 7A (lanes 1-3) and consistently with a previous analysis made in RPE cells (30) , the large 7-kb FGF-2 mRNA disappeared at high cell density, whereas the 3.6-kb mRNA became apparent. Cell density increase was accompanied by a decrease of total mRNA accumulation, as described previously (22) .
The expression of endogenous FGF-2 proteins was analyzed in skin fibroblasts at different densities by Western immunoblotting. The CUG-initiated isoforms were detected at low but not at intermediary and high cell densities (Fig. 7B) , in concordance with previous observations (22) . In addition, skin fibroblasts were transfected with FGF-CAT mRNAs having or lacking the 3Ј-TE (5Ј CAT-TE⌬C and 5Ј CAT-A0, respectively). In both cases we observed a regulation of the CUG-initiated FGF-CAT expression that decreased when cell density increased (Fig. 7, C and D) . However, at intermediary density, these isoforms were not expressed in the absence of 3Ј-TE (Fig.  7C) , where they were clearly detected in its presence (Fig. 7D) . DISCUSSION In this report, we demonstrate the presence of 3Ј-TE in the distal part of the FGF-2 mRNA 3Ј-UTR, just upstream from the eighth poly(A) site. The 3Ј-TE, composed of two distinct structural domains (called TE1 and TE2), is able to modulate the alternative initiation of FGF-2 mRNA translation. Interestingly, the use of poly(A) site switches in response to heat shock and cell density (21, 22) . The correlation of 3Ј-TE removal with the disappearance of the CUG-initiated isoforms at increasing cell densities suggests a physiological role of the 3Ј-TE in the control of FGF-2 isoforms expression related to cell proliferation.
The RNA transfection approach used in this study was crucial to study the translational control of an mRNA subjected to a process of alternative polyadenylation. This procedure enables us not only to get rid of interferences with the transcription, splicing, and polyadenylation processes but also to easily carry out mRNA half-life measurements to demonstrate that the observed effect occurred at the translational level.
The presence of a translational enhancer in a cellular polyadenylated mRNA, which, in addition, regulates the alternative initiation of translation, is novel. An enhancing effect by the 3Ј-UTR has been observed for nonpolyadenylated histone mRNAs, the 3Ј stem-loop of which mimics a poly(A) tail (31) , and for amyloid precursor protein and lipoprotein lipase mRNAs, which interestingly contain two alternative poly(A) sites (27, 28) . A few 3Ј translational enhancers have also been characterized in uncapped and/or unpolyadenylated viruses. A pseudoknot-rich domain in tobacco mosaic virus mRNA 3Ј plays a poly(A) tail role, and a translational enhancer that mimics a 5Ј cap has been found in the barley yellow dwarf virus (32) (33) (34) . Two additional enhancers have recently been characterized in the 3Ј-UTRs of rotavirus and hepatitis C virus nonpolyadenylated mRNAs (35, 36) . The rotavirus mRNA 3Ј-UTR binds the viral protein NSP3A and interacts with the eIF-4G factor, whereas the HCV 3Ј-TE binds the polypyrimidine tract binding protein, a cellular protein that also binds to the internal ribosome entry site located in 5Ј of the messenger. Both 3Ј enhancers appear to replace the poly(A) function, because they are involved in the generation of a physical link between the 3Ј and 5Ј mRNA ends (37) . Sequence alignment of the FGF-2 3Ј-TE and viral 3Ј-TEs did not provide any interesting sequence similarity (not shown). However, the 18-nt sequence conserved among luteovirus (including barley yellow dwarf virus) was found in part at two positions of the FGF-2 3Ј-TE, one in the TE1 element and the other one in the TE2 element (not shown). The middle portion of this consensus has been proposed to base pair to a region of the 3Ј end of 18 S rRNA (34) .
The viral 3Ј translational enhancers concern mRNAs devoid of cap and/or of poly(A) tail. This makes it easy to understand that the function of such translational enhancers is to mimic either the cap or the poly(A). However, the FGF-2 mRNA is both capped and polyadenylated. Consequently the function of its translational enhancer must be more subtle. We show that the FGF-2 3Ј-TE not only activates global translation initiation but also modulates the relative use of the alternative initiation codons. Thus it modifies the balance between the different FGF-2 isoforms (Fig. 5) . Given the different localizations and functions of these isoforms, such a function of the translational enhancer is of great importance.
Interestingly, the FGF-2 3Ј-TE is active in primary skin fibroblasts but poorly efficient in COS-7, HeLa, and SK-Hep-1 cells (Ref. 29 and data not shown). Furthermore the endogenous FGF-2 mRNA in these transformed cells mostly exhibits 3Ј-UTRs devoid of 3Ј-TE and thus cannot be subjected to the poly(A) site switch observed in skin fibroblasts (Ref. 29 6). These observations point to a regulatory process working in normal cells but not in transformed cells.
FGF-2 expression seems to be post-transcriptionally controlled at the three levels of polyadenylation, RNA stability and translation (Refs. 18, 21, 22, and 29 and this report). The existence of such concomitant post-transcriptional regulations concerns a growing number of messengers coding for regulatory proteins. Amyloid precursor protein mRNA, the translation of which is regulated by alternative polyadenylation, is also controlled at the stability level by one element of its 3Ј-UTR (27, 38) . Several other mRNAs are regulated at the translation and stability levels, whereas others are regulated by a coupled process of polyadenylation and stability. Furthermore VEGF mRNA expression, regulated at the levels of translation, stability, and possibly polyadenylation, is also controlled by a process of alternative splicing (39) . This leads us to hypothesize that the genes coding for regulatory proteins, which are often regulated transcriptionally, are also controlled by several posttranscriptional mechanisms. These multiple control levels permit a subtle regulation of gene expression, which is very important for genes like FGF-2 whose abnormal expression has drastic consequences on cell proliferation and differentiation .
